Abstract AVRDC -The World Vegetable Center maintains the world's largest international public collection of vegetable genetic resources at its headquarters in Taiwan. The ex situ conservation and dissemination of germplasm to researchers and breeders worldwide contributes to global food and nutrition security but also carries considerable costs. The objective of this study is to quantify these costs for the 12-month period from September 2011 to August 2012 using the Decision Support Tool developed by the International Food Policy Research Institute. The results show that the present value of capital assets is USD 1.99 million for the facilities and USD 0.48 million for the equipment. The total annual cost is USD 0.684 million, of which 74 % are labor costs. The average conservation and dissemination cost per accession is USD 10.08 per year. Seed regeneration, seed processing, characterization, and seed dissemination are the four most costly operations of the genebank. The storage itself only contributes 17 % of the cost. In comparison, the average cost per accession is USD 5.15 at ICARDA, USD 6.84 at CIMMYT, USD 8.62 at ICRISAT, USD 9.19 at IRRI, and USD 22.52 at CIAT (in 2012 US dollar values). High labor costs in Taiwan increase AVRDC's average cost, but the fact that more vegetable species are selfpollinating and thus less labor intensive to regenerate than cross-pollinating species keeps the average costs in check. These results are important benchmarks for other genebanks.
Introduction
Crop genetic diversity, created through natural and human selection over millennia and complemented by the diversity present in wild relatives of crop plants, provides the raw material that can be employed by scientists to improve crop productivity and diversify production systems. But genetic variation, once considered unlimited, is fast eroding as modern breeding lines replace traditional cultivars over large areas (Stamp et al. 2012) , and natural habitats are increasingly destroyed through human intervention (UNEP 2011; WWF 2010) .
Plant genetic resources need to be preserved to combat evolving and rapidly emerging new strains of pests and diseases, and to produce varieties that are better-adapted to changing climatic and environmental conditions and produce stable yields under such changing conditions (FAO 2010) . To provide the necessary building blocks for scientists and breeders to successfully develop improved and well-adapted varieties, genebank personnel engage in the collection, assembly, maintenance and conservation, characterization, documentation, and distribution of germplasm for research and development.
The collection of germplasm at AVRDC -The World Vegetable Center provides breeders worldwide with a broad genetic base for vegetable breeding (Keatinge et al. 2008) . The collection harbors a range of desirable traits such as resistance to pests and diseases and tolerance to adverse climatic conditions as well as traits for improving the nutritional quality of vegetable crops (Ebert 2011) . Many of the accessions are local landraces, wild relatives of cultivated crops, and indigenous varieties that are being lost as farmers adopt new high yielding varieties of high value vegetable crops. Their preservation and their availability for utilization in research and breeding are of utmost importance to ensure future food and nutrition security of a rapidly growing population (FAO 2010; McCouch 2013) . Landraces and crop wild relatives are increasingly valued and exploited for genes that provide increased biotic resistance, tolerance to abiotic stress, and improved yield and quality (Jackson et al. 2007; Frison et al. 2011 ). These genetic resources, which are threatened by human intervention and climate change are the raw materials that are needed to improve the capacity of crops to respond to climate change and other future challenges and to secure nutritious food for a growing world population (FAO 2010) .
With 67,817 accessions and sub-accessions or 60,347 original accessions presently in its collections, the AVRDC genebank is the fifth largest international public genebank in the world. Only the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) (156, 313) , the International Maize and Wheat Improvement Center (CIMMYT) (155, 129) , the International Center for Agricultural Research in the Dry Areas (ICARDA) (134,160 accessions), and the International Rice Research Institute (IRRI) (110, 817) hold larger collections (2009 data). AVRDC holds its vegetable germplasm collection in trust for the global community and is committed to ensuring its long-term conservation and unrestricted availability. The genebank distributes annually close to 7,000 germplasm accessions and breeding lines to about 70 countries worldwide. To ensure compliance with the principles and regulations of the International Treaty on Plant Genetic Resources for Food and Agriculture, AVRDC adopted the Food and Agriculture Organization Standard Material Transfer Agreement on 1 August 2013.
The ex situ conservation and dissemination of vegetable genetic resources provides enormous benefits to the world's population by supplying a diverse range of vegetable germplasm to crop breeding programs worldwide. Yet such an effort comes at a considerable cost, for which sustained funding is required. The objective of this study is to quantify the full cost of vegetable germplasm conservation and dissemination. A complete understanding of operating costs is important for the effective management of the genebank. Making the cost structure public is also important for other genebanks, as they can use it as a benchmark to compare with their own cost structure. Koo et al. (2002 Koo et al. ( , 2003a Koo et al. ( , 2003b Koo et al. ( , 2004 ) developed a methodology for costing genebank operations based on accounting principles. Using data from five centers of the Consultative Group on International Agricultural Research (CGIAR) containing 87 % of the accessions held by the CGIAR, they estimated that the cost of storing an accession for 1 year is about USD 1.50 for most crops. They also estimated that the cost of conserving and distributing the CGIAR collection is USD 5.7 million per year and suggested that an endowment of USD 149 million invested at an average annual interest rate of 4 % would probably be sufficient to conserve the germplasm collections in perpetuity. Based on the same methodology, Horna (2010) developed a Decision Support Tool (DST) for genebank costing studies, which is what we applied in this study.
The paper provides some relevant background information about the germplasm collection at AV-RDC and then describes the methodology used. After presenting the results, we discuss how the cost structure compares to the major genebanks of the CGIAR and the challenges for maintaining the collection.
The germplasm collection at AVRDC
History of the collection Founded in 1971 as the Asian Vegetable Research and Development Center with headquarters in Shanhua, Taiwan and a mandate to enhance vegetable production in the Asian tropics, AVRDC -The World Vegetable Center, as it is called now, has taken up a global role in promoting and supporting vegetable research and development in Africa, Asia, and other regions of the world. AVRDC's mission is to alleviate poverty and malnutrition in the developing world through the increased production and consumption of nutritious and health-promoting vegetables. AV-RDC's genebank plays a central role in achieving this mission through the provision of diverse germplasm with a wide range of desirable traits such as resistance to pests and diseases, tolerance to adverse climatic conditions as well as traits for improving the nutritional quality of vegetable crops, both to its own scientists and vegetable breeders and to public and private sector breeders and researchers worldwide.
Realizing the need to support AVRDC's vegetable breeders with diverse germplasm for effective crop improvement, a Seed Laboratory Unit was established at AVRDC headquarters in 1975 and 10 years later (1985) , the current Genetic Resources and Seed Unit (GRSU) laboratory was designed and constructed to properly house and conserve the growing germplasm collection. From 1992 onwards, AVRDC also established an active collection and medium-term storage facilities at its Regional Center for Africa in Arusha, Tanzania.
Growth in the number of accessions conserved and distributed Soon after the founding of AVRDC in 1971, the Center started off in 1972 with a modest collection of 590 accessions of three crop groups: Brassicas, tomato and legumes, mainly Vigna species. By 1995, the genebank had grown to 43,205 accessions, comprising 63 genera and 209 species. To date, it has accumulated 67,817 accessions and sub-accessions or 60,481 original accessions comprising 171 genera and 438 species from 156 countries of origin, a growth of 40 % in number of accessions, 171.4 % in number of genera, and 109.6 % in number of species during the last 18 years.
The long-term objective of AVRDC's genebank is to assemble, conserve and utilize comprehensive collections of its principal crops such as soybean, tomato, pepper, mungbean, eggplant, Brassica, alliums, and cucurbits. Germplasm enhancement through morphological and molecular characterization, screening for biotic and abiotic stress tolerance, and appropriate documentation provides better services to AVRDC's breeders as well as to breeders and scientists worldwide. We note that germplasm screening, evaluation and other pre-breeding and breeding activities are undertaken by research units other than the genebank and these are therefore not included in this costing study.
AVRDC maintains several of the world's largest vegetable collections held by a single institution (Ebert 2013) (1,129). AVRDC also holds a global collection of more than 10,000 indigenous vegetables from South Asia, Southeast Asia, and Africa (de la Peña et al. 2011) , and approximately 200 new accessions are added each year in cooperation with national agricultural research and extension programs and national, regional, and international genebanks.
AVRDC actively exchanges genetic resources and related information with national programs, regional organizations, and the private sector. Each year 6,000-7,000 accessions and breeding lines are distributed for crop improvement programs and related research. The seed samples go to AVRDC scientists (37 %), national agricultural research and extension systems (26 %), private sector seed companies (22 %), universities (10 %), nongovernmental organizations (3 %), and others (2 %) (2012 data).
Since its founding, the AVRDC genebank has distributed close to 590,000 seed samples (253,363 accessions) 1 This means that such deposits form part of the active collection of the receiving genebank and can be distributed independently, without the need to inform the donor genebank.
Thanks to long-term breeding efforts focusing on several major vegetable crops, more than 466 improved vegetable varieties developed from the germplasm held by AVRDC have been released to farmers around the world, helping them to produce good harvests and generate income despite pest and disease pressure or abiotic stress (Mecozzi and Ebert 2012) . Genebank accessions of various crops, such as tomato, sweet and hot pepper, vegetable soybean, mungbean, and yard-long bean were selected for competitive, multi-location yield trials in several countries and subsequently released without involvement of AVRDC. Out of 34 new vegetable varieties released in Central Asia and the Caucasus from 2007 to 2012, 13 varieties (38 % of total) originated from the AVRDC genebank (AVRDC 2013).
Current genebank facilities and operations
To safeguard its valuable collection, AVRDC embarked on an extensive renovation and expansion of its 28-year-old genebank building during the period from 2009 to 2011. The current facility has enough space to nearly double the current collection.
AVRDC maintains base, active, and working collections. Most accessions are held in both base and active collections. Base collections are kept in long-term storage conditions in laminated aluminum polyethylene pouches at -16 to -18°C. Active collections used for internal and external seed distribution and other research are kept in medium-term storage conditions at 5°C and 40-45 % relative humidity (RH), while working collections are kept in short-term storage conditions at 15°C and 40-45 % RH. AVRDC staff members routinely determine the initial viability of seed samples before the samples are moved into medium-and long-term storage. This information is used to predict longevity of seeds in storage and to schedule viability monitoring tests and regeneration needs.
AVRDC has about 100 ha of experimental fields, out of which the genebank uses approximately 7 ha annually for seed regeneration. Moreover, the Genetic Resources and Seed Unit has seed processing facilities for seed extraction, cleaning, drying, and packing; and laboratory facilities for morphological characterization, viability testing, tissue culture for embryo rescue and maintenance of virus-cleaned material, and seed health inspection. While seed of most vegetable crops produce orthodox seed, which can be dried to low moisture content and stored at sub-zero temperatures, vegetatively (asexually) propagated crops such as shallot (Allium cepa L. var. aggregatum G. Don; 30 accessions) and garlic (Allium sativum L. var. sativum; 262 accessions) are held in field genebanks. Accessions of Moringa spp., a tree, the leaves of which are eaten as vegetable, are kept in a field genebank (44 accessions) as well as in a seed collection (59 accessions).
Slow drying is accomplished in a dehumidifying room at 18°C and 10-15 % RH. Seed stored for longterm conservation are sealed in aluminum foil pouches to maintain seed moisture content at 4-7 %. There are two post-entry quarantine screenhouses for newly collected material. All outgoing material passes through the Bureau of Animal and Plant Health Inspection and Quarantine of the Council of Agriculture, Taiwan, which issues a phytosanitary certificate. The genebank also serves as a clearinghouse for other germplasm distributed by AVRDC, mainly the advanced breeding lines that the Center's breeding units release for multilocational testing. Each germplasm sample intended for distribution is closely monitored and processed for quarantine purposes. AVRDC strictly follows the quarantine regulations of the host country and recipient countries.
During multiplication, plants are kept inside net cages to prevent cross-fertilization, thus maintaining the genetic integrity of the accessions. Genebank activities are conducted using standard protocols following internationally recognized best practices (FAO 2013) . AVRDC has developed appropriate protocols for germplasm regeneration and storage of indigenous vegetables and other crops that do not have documented standard practices.
Smooth management of the genebank demands meticulous recordkeeping. The AVRDC Vegetable Genetic Resources Information System facilitates the recording, storage and maintenance of germplasm data. It links all operations associated with germplasm conservation and management, from registration, characterization, evaluation, seed inventory, and seed distribution to end-users. 
Methodology
For this study we used the DST developed by the International Food Policy Research Institute within the context of the Systemwide Genetic Resources Programme (Horna 2010) . We started with version v1.1 of the tool, which has an Excel-based interface with some of the calculations performed using visual basic for applications (VBA). We adjusted the tool to add more crops and implemented all VBA formulas directly in the Excel workbook to have more control over the calculations.
The DST is based on a production economics framework that considers a genebank as a production entity that turns inputs (facilities, labor, variable inputs) into outputs (accessions conserved and distributed). The DST quantifies monetary costs based on historical data but does not quantify the benefits accruing from the conservation of plant genetic resources, as these depend on a largely unpredictable demand for genetic resources in the future.
The DST conceptualizes a genebank for plant genetic resources to perform fifteen operations, including: (1) Management: data and information management and general administration; (2) Conservation: acquisition of new accessions, seed multiplication/ regeneration, characterization, safety duplication, long-term storage, cryopreservation, in vitro conservation, viability (germination) testing, seed processing and seed health testing; and (3) Distribution: mediumterm storage and dissemination. The costs of some of these operations (e.g. storage) accrue annually, while other costs (e.g. regeneration) only occur periodically.
The DST separates between four types of monetary costs listed in Table 1 . The distinction between fixed, quasi-fixed and variable (labor and non-labor) costs allows calculating average and marginal costs per accession and the consideration of possible economies of scale as fixed costs can be spread over a larger number of accessions (Pardey et al. 2001) .
The tool can furthermore break the total costs down into operations and crops and, for instance, estimate the cost of storing one additional tomato accession for 1 year or in perpetuity. To do this, the tool requires each cost item in Table 1 to be allocated to operations (using weights) and crops (by indicating if it was used on the crop or not). In addition, the tool needs data on (1) the number of accessions per crop and per operation; (2) the genebank facility area per crop and per operation; and (3) the frequency of repeating operations (e.g. once, yearly, every 10 years). If a cost item cannot be allocated to a specific crop or operation, then the tool distributes it evenly over all accessions.
Data
At AVRDC in Taiwan, the season for seed production starts in September and lasts until June in the subsequent year. We therefore chose the reference year to be from September 2011 to August 2012. This 12-month period had a usual pattern of rainfall and there were no major unexpected events that affected genebank operations. We included 20 crops-each with at least 300 accessions in the genebank, and took all other crops together in the category ''Minor crops''.
General parameters
The AVRDC genebank started operations in 1984 and we assumed that it will operate for 200 years, which is the same duration as assumed by most other genebank costing studies in the CGIAR. All costs that occurred in the local currency (New Taiwan dollar) were converted to US dollars using the average exchange rate at the time of the purchase and then deflated to 2012 prices using the US consumer price index. 4 The conversion to US dollar is justified as the Center holds its bank account in the United States and uses the US dollar as its accounting currency. A discount rate of 1.9 % was used to calculate the present value of the genebank's assets such as its facilities. Overhead costs (21.3 % in the 2012/2013 financial year) were added to all cost items.
Accessions and operations
Of the fifteen operations in the DST, ten were relevant for the AVRDC genebank and one new operation, short-term storage, was added to the tool. AVRDC keeps working collections of breeding lines in shortterm storage conditions at 15°C and 40-45 % RH. Fresh seed samples received by the genebank are also kept in these conditions until samples have been properly processed (determination of seed moisture content, viability testing and additional drying) and can be stored either in medium-or long-term conditions. Due to lack of storage space in medium-term conditions some collections, especially mungbean, soybean, and yard-long bean, are being kept for longer periods under short-term conditions. With the still ongoing transfer of germplasm from the old to the new cold rooms, these accessions will eventually move to the new facility.
AVRDC does not currently practice cryo-preservation or in vitro conservation of germplasm although facilities have been allocated and equipped to do the latter. In the past, in vitro conservation was used for the maintenance of the sweet potato collection (1,500 accessions); with the transfer of this collection to CIP in Peru in 1993, in vitro conservation is no longer used. The facility is used for embryo rescue in interspecific crosses and for the maintenance of virus-cleaned garlic and shallot lines. We allocated the cost of these facilities equally over all germplasm accessions.
In the reference year, no accessions were sent to other genebanks for safety duplication, as accessions are often accumulated over a period of two successive seasons to reduce shipment, quarantine inspection and handling costs. No specialized seed health testing was performed during the reference period by AVRDC staff. Training activities were taken together with general management as neither is specific to crops or operations. Table 2 shows the number of accessions included in each operation during the reference year. Many accessions in the genebank have sub-accessions. This is especially the case for mungbean (Vigna radiata), but is also common for other crops. When accessions are grown out for regeneration and seed multiplication, morphological traits are closely monitored at different growth stages (seedling, vegetative state, flowering, and reproductive stage). If a group of entire plants, or their flowers, fruits or seeds show one or more clearly distinct morphological variants, the subpopulations are harvested separately and seeds are assigned one or more sub-accession numbers while maintaining the original accession number as a unique accession identifier. Sub-accessions are coded by adding a letter (A, B, C or D) to the original accession number. Each sub-accession is handled separately in all germplasm management processes (characterization, seed extraction, drying, cleaning, packing, storage, and seed safety duplication). The total number of accessions and sub-accessions managed by the curators is therefore much larger than the total number of registered original accessions.
Capital costs
The facilities of the AVRDC genebank include the main building, which was renovated and extended in 2010/2011, plastic screen houses used for seed regeneration and a multiple purpose outdoor area as shown in Table 3 . The net present value of these facilities was USD 1.99 million (in 2012 prices). Other capital costs included 324 items of equipment currently in use and purchased between 1972 and 2012. Many of these items had exceeded their usual service life but were still in use. We only included equipment still within its usual service life, which gave 115 different items with a total net present value of USD 0.48 million. Purchase values were converted to US dollars at the time of purchase and then annualized using the service life and discount factor and converted to 2012 US dollar values using the consumer price index.
The annualized capital cost of the AVRDC genebank, as shown in Table 3 , is USD 106,708. Of these costs, 44 % is for the maintaining the genebank building, 11 % for the cooling systems, 13 % for equipment and 18 % for the Center's overhead.
Quasi-fixed and variable labor costs
The permanent staff of the AVRDC genebank includes a genebank manager, one secretary, one research associate, five curators, one laboratory assistant and six permanent field workers. The total cost of permanent staff was USD 376,221/year.
Variable labor costs include four field workers for planting and harvesting (''Regeneration'' in the DST) and five laboratory workers who help with the seed packing (''Seed processing'' in the DST). The total cost of non-permanent staff was USD 40,633/year.
Variable non-labor costs
Variable non-labor costs included 438 expense items that occurred during the reference period. The total value was USD 71,196/year. The cost of electricity was 30,408 (43 %). Other major items were the purchase of nylon nets for the net houses (USD 4,638), and the cost of renting land and preparation (USD 3,420). Each item was allocated to a certain operation by using weights, with the sum of weights being unity. As the variable cost items were difficult to allocate to specific crops, this was done based on the relative number of accessions for each crop in the genebank.
Results

Total annual cost
The total annual cost of conserving and distributing the germplasm collections at AVRDC in Taiwan is USD 683,548 as based on the annual cost in the reference year. Figure 1 shows the cost structure. Note that for this and all subsequent figures, we included the overhead costs (21.3 %) in each category and do not show them separately. Of the annual cost, 15.6 % is annualized capital cost of the genebank assets and 66.8 % is quasi-fixed permanent labor cost. Permanent and temporary labor together contributes 74 % of the annual cost of the genebank. The operation using the most labor resources is seed regeneration (23.3 % of the total labor costs) while seed processing, characterization, germplasm dissemination, and general management each contribute to about 12-14 % of the labor costs. Figure 2 shows the annual cost by genebank operation. Seed regeneration and seed processing are the two most costly operations, followed by dissemination, general management and characterization. In comparison, the cost of keeping germplasm in long-, medium-or short-term storage is relatively low. Combined, these three storage operations account for 17 % of the annual cost of the genebank. Figure 3 distributes the annual cost of the genebank to the 20 main collections, plus the category ''Minor crops'' for those with less than 300 accessions. Glycine spp. (soybean), Vigna radiata (mungbean), Solanum spp. (eggplant and tomato) and Capsicum spp. (pepper) are the most costly accessions to maintain and to distribute, yet these are also the five largest collections of the genebank. Collections with a greater number of accessions also have higher total costs; in fact, the pairwise correlation coefficient between these two variables is 0.91 (p \ 0.01). This correlation is not surprising as the DST allocates costs based on the number of accessions if not specified otherwise by the user. We return to this in the discussion section.
Average cost per accession
To better understand the costs of the various genebank operations Table 4 shows the total cost per operation and average cost per accession in the reference year. The table shows that germination testing was the most expensive operation at USD 104.1 per processed accession, but it was done for only 59 accessions in the reference year. Recent genebank data suggest that the first germination monitoring tests could be delayed from the currently recommended 5-10 year interval to 25 years after regeneration (van Treuren et al. 2013) , thus greatly reducing the per accession cost of this activity. Regeneration, seed processing and characterization are also relatively expensive per processed Table 4 divides the total cost by the total number of accessions in the genebank to get the average cost per genebank accession. It costs USD 1.73 to hold an accession for 1 year in the genebank without any special treatment, that is, the sum of short-, medium-, and long-term storage costs per accession. If all operations performed by the genebank are included, the cost per accession is USD 10.08. Seed regeneration, seed processing, dissemination and general management are the most costly items, contributing to 61 % of these costs. We note that this is not the actual cost of conserving the collection as, for instance, germination testing needs to be done more frequently as is currently the case. We return to this in the discussion.
In perpetuity costs
Previous studies have estimated the in-perpetuity value as the basis for estimating the size of a conservation endowment fund to sustain the operations of the CGIAR genebanks. Such an endowment should generate a perpetuity (that is, an annuity over an infinite period) to cover the cost of conservation and dissemination of the current germplasm collection. The present value of such a fund can be calculated as the required annual amount of financial resources divided by the expected average real (net of inflation) interest rate. For this we assume that the cost and cost structure of the genebank would remain unchanged in real terms so that the costs observed in the reference year are representative for all future years. As this assumption is rather strong, the in perpetuity cost should be seen as a rough estimate of funds required to maintain the collection for future generations. Given an annual cost of the AVRDC genebank of USD 683,548 and a real interest rate of 4 %, as assumed by most previous genebank costing studies, the endowment would have to be USD 17.1 million to maintain the present collection (Table 5) .
However, the collection has grown at an average rate of 1.87 % per annum over the past 18 years. If we incorporate this growth in our calculation and assume that the current cost per accession would remain unchanged, then the size of the genebank endowment fund would have to be USD 32.1 million. 5 The table shows that these figures are highly sensitive to assumed interest rate, but they are equally sensitive to the assumed growth rate of the collection.
Discussion
Comparison to the five major CGIAR genebanks
This section compares the costing of the AVRDC genebank with that of the five largest genebanks of the CGIAR as reported by Koo et al. (2004) and shown in Table 6 . It is noted that a strict comparison is not possible because different crops have different conservation requirements, the cost of inputs is different in each location, and data refer to different years (though all values were converted to 2012 values).
The replacement value (or present value) of the AVRDC genebank facilities and equipment of 2.5 million USD is slightly above the range of the other genebanks (from USD 1.6 million for ICARDA to USD 2.3 million for CIMMYT). This is perhaps because of the recent renovation and extension of the AVRDC genebank, which accounts for 31 % of the replacement value. The current capacity is enough to expand the current collection to nearly twice its present size. However, in terms of annualized capital cost (USD 0.107 million/year), the AVRDC genebank is well within the range of the other five genebanks, which range from USD 0.103 million for ICARDA to USD 0.155 million for IRRI.
Of the five genebanks, the annual cost of the AVRDC genebank (USD 0.7 million) is the second lowest. In comparison, CIAT's annual cost is 1.2 million and CIMMYT's is 1.0 million. However, it is noted that the ex situ conservation of seed producing crops, and particularly self-pollinating ones, is much cheaper than that of crops which require both in vitro and field conservation as is the case for cassava at CIAT.
As for the other genebanks, capital costs only make a minor contribution to the total annual cost of the AVRDC genebank. Genebanks are more labor-than capital-intensive. Labor costs contribute 74 % of the total annual costs at AVRDC, which is more than for the other genebanks. Being the only genebank in our comparison located in a high-income country, wages are relatively high. To compare the average cost per accession we divided the total annual cost of each genebank by the total number of accessions. The average cost of germplasm conservation and dissemination is USD 10.08 per accession, which is within the range of values for the other genebanks. For instance, the cost per accession is USD 5.15 for ICARDA and USD 22.52 for CIAT.
Lastly, in terms of the required endowment for maintaining the current collection in perpetuity, the size of such fund would be USD 17.1 million for AVRDC, the second lowest value in the comparison. ICARDA would require USD 14.7 million, while IRRI would require USD 24.3 million. Koo et al. (2004) (p. 137) suggested that the total fund requirement for the entire CGIAR would be USD 148.6 million in 2000 (USD 198 .1 million in 2012 value terms). Including the AVRDC genebank as part of the fund would require the fund endowment to expand by 8.6 % to USD 215.2 million (2012 value terms).
Current challenges in managing the AVRDC collection
A recent project supported by the Global Crop Diversity Trust from July 2008 to February 2012 provided a major boost for the regeneration and characterization efforts of AVRDC. Despite these efforts, there is still a major backlog in species regeneration and characterization. Particularly for the genera Cucurbita and Vigna, there is a backlog of over 70 % of the accessions held. Many other collections also will require major effort in the near future to safeguard them and to make high quality seed of wellcharacterized accessions available to breeders worldwide. In total, we estimate that nearly 27,000 accessions are overdue for regeneration and characterization. Based on the average regeneration and characterization cost per processed accession, the required funds for eliminating the present backlog would be USD 1.72 million for regeneration and USD 1.28 million for characterization, hence USD 3.00 million in total. Eliminating the present backlog in 10 years would therefore require an additional funding of USD 300,000/year.
Seed processing and shipment fees
Given the crucial role that genebanks play in plant breeding and crop research, and consequently in ensuring long-term global food and nutrition security, especially under climate change scenarios and the funding constraints many genebanks face, it is highly relevant that genebank managers consider the introduction of handling and shipping fees for the distribution of genebank samples. 6 Only very few public genebanks have so far actually introduced handling fees, notably the National Institute of Agrobiological Sciences, Japan and AVRDC.
Charging a handling fee can help offset seed shipment costs and can motivate customers to more critically assess their actual need for an accession. As a result, some users might decide not to request material or try to get the same or similar material from another genebank not charging such fees. Such a reduction in sample requests would be positive if it reduces illconsidered requests or requests for excessive numbers of genebank accessions; however, it may also deter some users from developing countries from requesting material, which would run counter to the genebank's mandate to promote the use of its materials. The willingness of users to collaborate with the genebank in giving feedback and sending evaluation data back to the genebank may also be negatively affected.
In April 2009, AVRDC started charging seed processing and shipment fees to support routine genebank operations. The fee structure distinguishes between (a) public sector institutions in developing countries (National Agricultural Research and Extension Systems and universities), and (b) advanced research institutes and universities in developed countries and the private sector worldwide. Public sector institutions in developing countries pay a lump sum of USD 30 for the first 15 genebank accessions or breeding lines, USD 6 for each additional accession, and USD 20 for each additional breeding line. We observed many requests of 15 lines per order per year, presumably only to pay the minimum fee; requesters would then wait 1 year before submitting their next order for another 15 lines. It is problematic for some public institutions in developing countries to pay the fees at all. In addition, bank charges are often an issue, especially if the order was only for USD 30; the receiving bank charges USD 25 in fees which has to be paid by the client, while their own bank may also charge fees.
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Advanced research institutes and universities in developed countries and the private sector have to pay USD 30 per genebank accession and USD 50 per breeding line. In terms of immediate use value for the private sector, breeding lines are, of course, much more valuable than genebank accessions (the potential of which some breeders consider to be about the same as a lottery ticket). Only a few companies complained about the cost of the breeding lines as they know their true value. AVRDC's mostly open-pollinated vegetable breeding lines, characterized by multiple disease resistance and other outstanding quality traits, are in some cases directly used for commercialization by seed companies or, in the majority of cases, after crossing with one or several company lines to produce hybrid lines for sale.
Our analysis for this study showed that the cost of distributing seed for 4,690 accessions was USD 85,551 or USD 1.26 per accession. Postage and DHL delivery charges for seed shipment amounted to USD 3,879, while most other costs were labor costs, packaging materials and labels. Returns from seed shipment fees amounted to USD 71,700 during the reference period and hence covered 83.8 % of the seed distribution costs.
The number of genebank accessions and breeding lines requested, however, showed a marked decrease since the introduction of the fees. It reduced during the period from 2009 to 2012 by 46.4 % compared to the average yearly requests during the preceding 9 years (Fig. 4) . Seed distribution has not shown significant variation since the introduction of the fee structure with an average of 4,237 accessions and breeding lines distributed externally per annum from 2009 to 2012. On the positive side, the introduction of fees discouraged frivolous requests of hundreds of lines of a single crop by single clients-an amount of lines which is costly for AVRDC to provide and difficult for the recipient to effectively use in germplasm screening trials.
About the genebank costing tool
The Decision Support Tool (DST) based on the genebank costing methodology developed by Koo et al. (2004) was useful in giving a clear structure to the calculations by dividing genebank activities into 15 operations and costs into four categories. It furthermore helped to ensure some degree of comparability with previous studies, though there are several other caveats to consider.
The difficulty in applying the DST to the AVRDC genebank was the diversity of germplasm held at AVRDC. While CIMMYT, for instance, has two clearly distinct collections of wheat and maize, each with its own staff and resources, the AVRDC collections are managed jointly with resources used for all collections and staff members work on several collections at the same time. Disaggregating staff working time and facility areas to specific crops and operations could therefore not be done in a precise manner. The disaggregation might also be less relevant for the AVRDC genebank as most vegetable crops produce orthodox seeds (except shallot-Allium cepa L. var. aggregatum G. Don and garlic-Allium sativum L. var. sativum) and the costs are therefore similar. A further aggregation of crops into wider categories therefore seems advisable for future use of the tool.
An important improvement to the tool would be if it had the ability to enter data from various years in one file so that entries could be easily compared and changes to the cost structure could be made visible. Horna (2010: 19) also suggested this improvement for a future version of the tool. Since labor and capital costs will not change much over time, repeating the study for subsequent years will be useful for monitoring purposes but might not give additional insights into the cost structure of the genebank.
Conclusion
The ex situ conservation of plant genetic resources at AVRDC -The World Vegetable Center in Taiwan costs USD 0.684 million/year. Of these costs, 74 % is for temporary and permanent labor while facilities and equipment account for 16 %. We did not find marked differences in the average cost per accession for the major collections held in the genebank because of difficulties in disaggregating costs to different crops. The annual cost of disseminating and distributing genebank accessions was USD 85,551 and 84 % of these costs were recovered by seed processing and shipment fees that have been in effect since 2009. Annualized capital costs of the AVRDC genebank are the second lowest compared with those of the five major CGIAR genebanks. However, the average total cost per genebank accession is USD 10.08, which is the second highest compared with other genebanks and is probably due to relatively high labor costs in Taiwan.
More stable funding mechanisms are needed to enhance the global role of the AVRDC genebank. Maintaining the current AVRDC collection in perpetuity would require an endowment of USD 17.1 million, assuming a real interest rate of 4 % per annum. Assuming that the 1.9 % growth in number of accessions as experienced over the past 18 years continues, then the endowment would have to be USD 32.1 million. Although seemingly high, these costs are small compared to the past and future benefits from vegetable crop improvement.
